Formation of complexes between soluble N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE) proteins on opposing membranes is the minimal requirement for intracellular membrane fusion. The SNARE, syntaxin 2, is found on the sperm plasma membrane and a second SNARE, vesicle associated membrane protein 2 (VAMP2, also known as synaptobrevin 2, SYB2), is on the apposing outer acrosomal membrane. During the acrosome reaction, the outer acrosomal membrane fuses at hundreds of points with the plasma membrane. We hypothesized that syntaxin 2 and VAMP2 redistribute within their respective membranes prior to the acrosome reaction to form trans-SNARE complexes and promote membrane fusion. Immunofluorescence and superresolution structured illumination microscopy were used to localize syntaxin 2 and VAMP2 in mouse sperm during capacitation. Initially, syntaxin 2 was found in puncta throughout the acrosomal region. At 60 and 120 min of capacitation, syntaxin 2 was localized in puncta primarily in the apical ridge. Although deletion of bicarbonate during incubation had no effect, syntaxin 2 puncta were relocated in the restricted region in less than 20% of sperm incubated without albumin. In contrast, VAMP2 was already found in puncta within the apical ridge prior to capacitation. The puncta containing syntaxin 2 and VAMP2 did not precisely co-localize at 0 or 60 min of capacitation time. In summary, syntaxin 2 shifted its location to the apical ridge on the plasma membrane during capacitation in an albumin-dependent manner but VAMP2 was already localized to the apical ridge. Puncta containing VAMP2 did not co-localize with those containing syntaxin 2 during capacitation; therefore, formation of trans-SNARE complexes containing these SNAREs does not occur until after capacitation, immediately prior to acrosomal exocytosis. Preparation of sperm SNAREs for membrane fusion, 2017, Vol. 96, No. 2 
Introduction
Fertilization requires that sperm in the female tract go through physiological changes known as capacitation. Capacitation can be induced in vitro by using a medium containing HCO 3 − , Ca 2+ , and serum albumin [1] . HCO 3 − regulates various cellular signaling pathways in the presence of calcium Ca 2+ [1] [2] [3] . Additionally, cholesterol efflux from the plasma membrane of sperm allows the destabilization of the plasma membrane and induction of capacitation [4] . Removal of sperm membrane cholesterol can be accomplished by albumin [4] [5] [6] . Cholesterol is also an important part of membrane microdomains such as lipid rafts and caveolae, which are rich in sphingolipids and saturated phospholipids [7] . Disruption of these microdomains containing cholesterol activates a number of signaling pathways that affect protein sorting, signal transduction, and membrane trafficking [7] . Therefore, the cholesterol-binding agent albumin plays a major role during capacitation of sperm [1] [2] [3] [4] [5] [6] 8] .
All these changes during capacitation help sperm undergo the acrosome reaction, a step necessary for sperm to penetrate the zona pellucida [1] [2] [3] 9] . Membrane fusion during the acrosome reaction is mediated by SNARE (soluble N-ethylmaleimide-sensitive-factor attachment protein receptor) complex formation, which provides the force behind most intracellular membrane fusion [9] [10] [11] [12] . SNAREs are believed to promote fusion between the outer acrosomal membrane and the plasma membrane, allowing the acrosome reaction to proceed [11, 21] .
Membrane fusion during acrosomal exocytosis is notably similar to neural exocytosis [13] [14] [15] [16] . It has been found by various research groups that the proteins involved in exocytotic events of somatic cells are analogous to those involved in acrosomal exocytosis in sperm [13] [14] [15] [16] [17] [18] . In neurons, secretory vesicles translocate to the active zone and dock there. After docking, vesicles are then primed for Ca 2+ signaling. Trans-SNARE complexes form between the vesicle membrane and the target cell membrane. Calcium influx into the cell is likely the activator of membrane fusion [17] . The contents of the vesicle are then released. In neurons, exocytosis is rapid and vesicles are recycled after the release of their contents; neither of these is true for acrosomal exocytosis [16, 18] . The SNARE family includes a large number of proteins that play a major role in intracellular membrane fusion [19] . This role is conserved from yeast to mammals and from somatic cells to germ cells [20] . In sperm, three proteins form the SNARE core complex: syntaxin, synaptosome associated protein 25 (SNAP25), and vesicle associated membrane protein (VAMP) [14, 15, 19] . Assembly of the SNARE core complex in sperm is triggered by cues that are only partially known [16] . Once the tripartite core complex is assembled, it promotes fusion of the outer acrosomal membrane with plasma membranes to aid in exocytosis [16] [17] [18] [19] [20] [21] . Problems with SNARE complex formation could be one of the causes of idiopathic infertility. There is evidence in stallions that semen samples with more sperm staining positively for SNAREs had higher fertility [22] .
Herein, we focused on determining where vesicle and target SNARE proteins localize precisely in sperm during capacitation and how SNARE complex formation is regulated. Superresolution structured illumination fluorescence microscopy (SR-SIM), a technique with twice the resolution of traditional confocal microscopy [23] , was used to assess SNARE localization during sperm capacitation. Co-localization between acrosomal vesicle and plasma membrane (target) SNAREs was also assessed.
Materials and methods

Reagents and animals
Mice used were CD-1, purchased from Harlan Sprague-Dawley (Carlsbad, CA). Syntaxin 2 (rabbit polyclonal against aa 1-265) and VAMP2 (mouse monoclonal against synthetic peptide SATAATVP-PAAPAGEG) antibodies were purchased from Synaptic Systems (Goettingen, Germany). Normal IgG control (rabbit) was purchased from R&D Systems (Minneapolis, MN). Secondary antibodies coupled to Alexa Fluor-488 and Alexa Fluor-568 were purchased from Life Technologies (Carlsbad, CA). Prolong Gold antifade mount was purchased from Life Technologies (Carlsbad, CA). Antibody for actin made in a rabbit and protease inhibitor cocktail were purchased from Sigma-Aldrich (St. Louis, MO). HRP-conjugated anti-rabbit antibodies made in a goat and zona pellucida 3 receptor (ZP3R) antibodies made in mouse were purchased from Pierce Thermo Scientific (Carlsbad, CA). All antibodies are listed in Table 1 . Protein markers and 4%-20% precast gradient gels were purchased from Bio-Rad (Hercules, CA). The BCA protein assay kit was purchased from Pierce Thermo Scientific. Bovine serum albumin (BSA) was used as a standard for the BCA assays.
Preparation of mouse sperm for immunofluorescence assay
To obtain mouse sperm, three to five mature male mice were euthanized by carbon dioxide asphyxiation, according to the guidelines given by the Institutional Animal Care and Use Committee, University of Illinois. Cauda epididymides were collected from the mice using an approved experimental protocol. Epididymides were washed in PBS for 30 s to remove the extracellular debris. Piercing the cauda with a 23-g needle after washing released sperm. The pierced cauda epididymides were incubated for 10 min at 37
• C, allowing the sperm to swim out. This was done in a petri dish containing 1 ml of media per cauda, according to the respective treatment: capacitating medium (dmKRBT; 120 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 10 mM NaHCO 3 , PVP, respectively). TAPSO has a pKa of 7.635 and buffers in the range of 7.0-8.2 [24] . Sperm concentration was measured using a hemocytometer and motility using a light microscope. Only samples with at least 65% motility were used for the experiments. The sperm were incubated according to the respective treatments and were collected at 0,10, 30, 60, and 120 min of incubation at 37
• C in air and a drop of 50 μl was spread on a coverslip to air dry. Air-dried sperm were fixed with 4% paraformaldehyde for 20 min. Permeabilization was done using 0.05% Triton X-100 for 10 min. Sperm on the cover slips were blocked with 3% BSA for 30 min before incubation with primary antibodies. Coverslips were incubated with primary antibodies (1:200) overnight at 4
• C. Secondary antibody (1:150) incubation was done at 37
• C in air for 1 h. The coverslips were washed with PBS three times between each step and five times between primary and secondary antibody incubation. Cover slips were mounted on slides with a 10 μl drop of Prolong Gold anti-fade. Slides were cured for at least 12 h at 4
• C before imaging.
Confocal microscopy
Confocal microscopy was done using a seven-laser system (Zeiss LSM 710 NLO) with 405, 458, 488, 514, 561, 594, and 633 nm lasers. The appropriate laser was used to detect the fluor on the secondary antibody. Slides were focused using a 100× oil objective. All the images obtained were of intact morphologically normal sperm.
Superresolution structured illumination immunofluorescence microscopy SR-SIM was performed using a four-laser system (Zeiss Elyra S1) with 405, 488, 561, and 633 nm lasers. The laser used was appropriate for the fluor on the secondary antibody. For co-localization of both syntaxin 2 and VAMP2 or syntaxin 2 and ZP3R, two lasers were used simultaneously. Slides were focused using a 100× oil objective. All the images obtained were of intact, morphologically normal sperm. Z-stack was adjusted with reference to the amount of fluorescence present. All the Z-sections showing fluorescence were captured. The final image was cropped in a way that only the sperm head remained a part of the image.
Immunofluorescence data analysis
Multiple images per Z-stack, collected from SR-SIM microscopy, were combined and processed to form a 3D picture using the ZEN-2011 Structured Illumination tool. Later, IMARIS was used to create 3D surfaces from the SR-SIM images. IMARIS is a software system to manage, analyze, and interpret 3D and 4D microscopy images (http://www.bitplane.com/imaris/imaris). To determine if the change in syntaxin 2 localization was accompanied by any change in the amount of syntaxin 2 that might explain the apparent syntaxin 2 movement, the "Surfaces" tool was used. This tool uses multiple volume-rendering algorithms to render 3D volume to fluorescent puncta, providing an overall volume of fluorescence as an indication of the amount of protein of interest. Images collected using SR-SIM microscopy were analyzed on the basis of fluorescence pattern. This analysis was done without knowledge of the sample being evaluated. The number of sperm showing relocalization or no relocalization was tabulated and a percentage calculated for each treatment group from three experiments.
For images with both syntaxin 2 and VAMP2 localized, the "COLOC" tool in IMARIS was used to determine the area where both proteins were co-localizing. The data analysis tool built in to COLOC was used to calculate the Pearson correlation coefficient to assess the relationship between syntaxin 2 and VAMP2 localization.
Protein extraction and quantification
To obtain mouse sperm protein for western blots, six to eight mature male mice were euthanized by the procedure described previously. Sperm were collected and capacitated as described above, and aliquots were removed at 0, 10, 30, 60, and 120 min. Sperm samples were then centrifuged at 12,000 × g for 10 min, and supernatant was removed before resuspending in PBS. The pellet was gently mixed before centrifuging again for 5 min at 8000 × g. After removal of supernatant, the pellet was suspended in RIPA buffer (50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors, pH 7.3) and vortexed for 30 s before placing on ice for 20 min. The samples were centrifuged at 8000 × g for 5 min, and the supernatant was collected. The BCA assay was used to quantify the protein using BSA as a standard.
Western blot analysis
To verify the amount of syntaxin 2 at different treatments and time points, protein collected from the mouse sperm was diluted with Laemmli sample buffer [25] and denatured at 100
• C for 5 min.
Sperm protein (20 μg) was loaded in precast linear gradient 4%-20% gels (Bio-Rad, Hercules, CA). Proteins in the gel were transferred to a nitrocellulose membrane for western blotting. The membrane was blocked with 5% nonfat milk in TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature or overnight at 4
• C with gentle agitation. The membrane was incubated with syntaxin 2 primary antibody (0.2 μg/ml, final concentration) for 1 h at 37
• C or overnight at 4
• C with gentle agitation. After this, the membrane was incubated with HRP-conjugated secondary antibody (0.16 μg/ml, final concentration) for 1 h at 37
• C. HRP activity of the secondary antibodies was detected using ECL chemiluminescence peroxidase substrate (Thermo Fisher Scientific Inc., Waltham, MA) and an ImageQuant 4010 imaging system (GE Healthcare, Chicago, IL). After imaging, the membrane was stripped and an actin antibody (2.5 μg/ml, final concentration) was used to detect actin as a loading control. The membrane was washed three times for 10 min between every step. Three biological replicates were done for each treatment and time point. Band intensities of the western blots were measured using ImageQuant TL software (GE Healthcare, Chicago, IL) and normalized to actin. Statistical analysis was performed using two-way ANOVA, Tukey and post hoc tests, and P < 0.05 was considered significant.
Results
Plasma membrane syntaxin 2 relocalizes during sperm capacitation
Fusion of the plasma membrane and outer acrosomal membrane during the acrosome reaction allows the release of acrosomal contents and exposes the inner acrosomal membrane (Figure 1 ). Vesicle SNAREs (i.e. syntaxin 2) and target SNAREs (i.e. VAMP2) are believed to form trans-SNARE complexes at specific points to promote membrane fusion. Herein, we investigated how sperm prepare to form trans-SNARE complexes during capacitation. Previous reports using confocal microscopy have suggested that the distribution of syntaxin 2 in porcine sperm changes slightly during capacitation, presumably in preparation for the acrosome reaction [11] . To examine this with higher resolution, we used immunofluorescence and both confocal and SR-SIM to detect syntaxin 2. SR-SIM provides twice the resolution of confocal microscopy [23] .
Immunofluorescence analysis showed that syntaxin 2 was localized in a punctate pattern on the sperm head on cells incubated for 60 min in medium lacking BSA and HCO 3 − , conditions that do not lead to capacitation (confocal microscopy, Figure 2A ; SR-SIM, Figure 3A ). In contrast, sperm that were incubated 60 min under capacitation conditions (same medium except that BSA and HCO 3 − were included) had syntaxin 2 most heavily localized to the apical ridge of the sperm head (confocal microscopy, Figure 2B ; SR-SIM, Figure 3B ). Heterogeneity among the sperm examined was noted. For example, two of the inset images in Figure 3B show more puncta outside of the apical ridge than the other inset or the large image. When DIC images were merged with fluorescence images, it was clear that syntaxin 2 localization in capacitated sperm was primarily over the apical ridge (Figure 2) . Control experiments in which in which nonimmune IgG was used (confocal microscopy, Figure 2C ) or in which primary antibody was not included (data not shown) showed no fluorescence. We considered the possibility that the location of syntaxin 2 was altered due to the acrosome reaction. To confirm that the acrosome was present in sperm that were positive for syntaxin 2, sperm were co-labeled with a ZP3R antibody, which identifies a protein in the acrosomal matrix [26] . Both noncapacitated ( Figure 4A ) and capacitated sperm ( Figure 4B ) that labeled with syntaxin 2 were also positive for ZP3R, demonstrating that the syntaxin 2-positive sperm prior to or following capacitation were acrosome intact.
To assess the potential change in location of syntaxin 2 during capacitation, sperm were fixed at various time points during the incubation under capacitating conditions (n = 16 sperm for each time point and treatment). At 0 min, less than 10% sperm showed syntaxin 2 puncta localized in the apical ridge. Within only 10 min of capacitation time, syntaxin 2 puncta shifted into the apical ridge in nearly 60% of the sperm. After 30 min of capacitation, syntaxin 2 shifted toward the apical ridge of the sperm head in 66% of the sperm observed. At 60 min of capacitation, syntaxin 2 was localized in puncta that were mostly restricted to the apical ridge of the plasma membrane overlying the acrosome in over 90% of sperm ( Figure 5A ). The relocalization of syntaxin 2 puncta occurred quickly. Thus, during sperm capacitation, the location of syntaxin 2 on the plasma membrane changed quickly; after capacitation, it was found primarily on the apical ridge of sperm.
Syntaxin 2 location during capacitation in mouse sperm in the absence of bicarbonate (HCO 3 − )
Bicarbonate activates sperm soluble adenylate cyclase and the protein kinase A pathway, leading to hyperactivated motility and capacitation [1, 27] . Because the location of syntaxin 2 was altered during capacitation, we hypothesized that this change might be regulated by HCO 3 − . To address this possibility, sperm were incubated in medium in which HCO 3 − was replaced by an equimolar amount of the buffer TAPSO. Syntaxin 2 was localized in the same punctate pattern in the apical ridge of the sperm head region at 60 min of incubation in HCO 3 − -free medium ( Figure 5B) as it was when HCO 3 − was present ( Figure 3) . Therefore, withdrawal of HCO 3 − during the incubation did not affect syntaxin location.
Syntaxin 2 location during mouse sperm capacitation in the absence of bovine serum albumin
Removal of cholesterol from the sperm plasma membrane modulates sperm capacitation [4, 28] . Bovine serum albumin in the capacitating medium is a cholesterol acceptor and thereby could change the function of membrane rafts [11, 29] and, perhaps, syntaxin location. Sperm for immunofluorescence were incubated in medium in which BSA was replaced with PVP. The location of syntaxin 2 at 0 min incubation was consistent with the location at 0 min in capacitating medium and medium with no HCO 3 − ( Figure 5C ). However, at 60 min of incubation in the absence of albumin in >90% of these cells, syntaxin 2 remained located in the same punctate pattern scattered over the entire sperm head as it was in the beginning of the incubation ( Figure 5C ). In summary, these results showed that albumin was necessary for the location of syntaxin 2 to the apical ridge after capacitation.
The altered location of syntaxin 2 during capacitation does not change the amount of syntaxin 2
Although sperm are not active in protein synthesis [30] , we determined if the change in syntaxin 2 location was due to new synthesis of syntaxin 2 protein or previously cryptic epitopes appearing during capacitation. First, we measured the overall volume of syntaxin 2-positive fluorescence and average puncta size on sperm. The median size of individual puncta was 0.008-0.014 μm 3 , which was not different between capacitation times ( Figure 6A ). Furthermore, the total syntaxin 2-positive volume in sperm remained constant during capacitation ( Figure 6B ). Another possible explanation for the location change is that some cryptic syntaxin 2 epitopes might have become accessible during capacitation. To examine this possibility, we collected sperm protein at different time points (0, 30, 60, or 120 min) of capacitation and performed western blots with syntaxin 2 antibody ( Figure 7 ). There was also no change in the amount of syntaxin 2 by western blotting, indicating that it was highly unlikely that the change in distribution of syntaxin 2 was due to synthesis of new protein or exposure of previously cryptic epitopes. Rather, it was due to relocation of existing syntaxin 2 protein during capacitation. Along with normal capacitating medium, we also tested whether there was an increase or decrease in the amount of syntaxin 2 under noncapacitating conditions, medium without either BSA or HCO 3 − .
The amount of syntaxin 2 did not change regardless of whether it was quantitated by immunofluorescence ( Figure 7 ) or western blots ( Figure 7) . Furthermore, the median volume of individual syntaxin 2-positive puncta was not affected by the withdrawal of BSA or HCO 3 − (Figure 6 ). Thus, incubation under conditions that promote or do not promote capacitation did not affect the abundance of syntaxin 2 protein on sperm.
Vesicle associated membrane protein 2 does not relocalize during capacitation in mouse sperm
To form a trans-SNARE complex, VAMP2 in the outer acrosomal membrane must localize at fusion points apposing syntaxin 2 on the plasma membrane [32, 33] . As an internal membrane, the outer acrosomal membrane is inaccessible to albumin, rendering the direct removal of cholesterol by BSA improbable. We examined whether VAMP2 would, like syntaxin 2, relocalizes during capacitation. Using immunofluorescence, VAMP2 was localized at the apical ridge of the sperm in the head region in both capacitating and noncapacitating conditions at 60-min incubation time (Figure 8 ). Negative control experiments were also conducted in which primary antibody was not included; without primary antibody, no fluorescence was detected (data not shown). Thus, no change in VAMP2 localization during capacitation was observed.
Vesicle associated membrane protein 2 does not change its volume during capacitation
To determine if the amount of VAMP2 changes during capacitation, we estimated the volume of sperm stained with the VAMP2 antibody. The results showed that the amount of VAMP2 in the sperm, assessed by fluorescence volume, did not change during a 60-min capacitation time ( Figure 8D ).
Vesicle associated membrane protein 2 and syntaxin 2 do not co-localize during capacitation in mouse sperm
To better understand when trans-SNARE complexes form during fertilization, plasma membrane syntaxin 2 and acrosomal membrane VAMP2 co-localization were assessed during capacitation. Both proteins were identified using immunofluorescence with different secondary antibodies to distinguish VAMP2 and syntaxin 2. Control experiments were also conducted in which primary antibody was not included; no fluorescence was detected in controls (data not shown). But in samples in which both syntaxin 2 and VAMP2 antibodies were used, there was no apparent co-localization at 0 or 60 min ( Figure 9A and B) . To test objectively whether syntaxin 2 and VAMP2 were colocalized, the COLOC tool in IMARIS and Pearson's correlation were used. Areas that were syntaxin 2 positive were not the same as areas that were VAMP2 positive. Hence, there was no significant correlation in localization observed at either 0 or 60 min sperm capacitation time ( Figure 9C ). Thus, trans-SNARE complexes were not formed when capacitation was completed.
Discussion
It has been proposed that SNARE complex formation is promoted during sperm capacitation, preparing sperm for acrosomal exocytosis [31] . But it is not clear how and when acrosomal vesicle SNAREs and plasma membrane SNAREs form the minimal tripartite complex [31] . Although there are reports that other syntaxins and VAMPs are found on sperm [12] , we used antibodies against syntaxin 2 and VAMP2 as proxies for SNARES of these families. Using superresolution microscopy, we observed that, during capacitation, puncta containing syntaxin 2, a plasma membrane SNARE, move laterally to a region overlying the acrosomal ridge, the region of the plasma membrane that fuses with the outer acrosomal membrane during the acrosome reaction. Syntaxin 2 puncta had median volumes ranging from 0.008 to 0.014 μm 3 . It is not certain if these puncta are membrane rafts or some other structures. Sperm rafts are heterogeneous and syntaxin 2 may be in a subset of rafts [34] . Nevertheless, the lateral movement of syntaxin 2 puncta demonstrates that protein and lipids present in the sperm membrane shift and re-model in response to capacitation [8] . This is a dramatic example of the dynamic nature of membrane proteins and lipids [8, 35] . These changes in the sperm apical plasma membrane are the result of lipid, cholesterol, and protein modification, which happen during capacitation [29, 36, 37] . Thus, spatial regulation of SNARE localization is a way in which acrosomal exocytosis is controlled. Capacitation is contingent upon the action of HCO 3 − , albumin, and Ca 2+ [38] [39] [40] [41] . These components activate different stimuli that, in total, lead to surface molecule removal, migration, or rearrangement as part of capacitation [1, 9] . We found that albumin but not HCO 3 − was required for syntaxin 2 relocalization. Thus, conditions necessary for the completion of capacitation (inclusion of HCO 3 − ) are not necessary for syntaxin redistribution. Because albumin can remove cholesterol from the sperm plasma membrane resulting in reorganization of lipid rafts [1, [28] [29] [30] and syntaxin 2 is found in lipid rafts, we propose that, in the absence of a cholesterol acceptor, membrane rafts are not re-organized and syntaxin 2 does not relocalize. The amount of total syntaxin 2 in sperm did not change during capacitation, an expected outcome because mature sperm do not synthesize protein. Furthermore, cryptic epitopes were not exposed during capacitation. This is consistent with the proposal that there is no turnover of syntaxin 2 but instead, it is simply shifted laterally in the plasma membrane. VAMP2 is a v-SNARE (vesicle-associated SNARE protein), which is present on the outer acrosomal membrane [11, 21, 32, 42, 43] . It was also found in puncta but, in contrast to syntaxin 2, VAMP2 was already located at the apical ridge of sperm and its location did not change during capacitation. These results were found to be at odds with a previous report, which suggested that VAMP2 also shifts in response to capacitation in porcine sperm [11] . This may be a species difference or may be due to the higher resolution of SR-SIM. Regardless, co-localization data indicated that syntaxin 2 and VAMP2 did not become apposed to each other during capacitation. To form a trans-SNARE complex for exocytosis, VAMP2 and syntaxin 2 must co-localize. Thus, even after capacitation, either VAMP2 or syntaxin 2 or both must still move laterally just before membrane fusion. For clarity, we are defining capacitation as the time-dependent events that occur before acrosomal exocytosis, although some researchers include the acrosome reaction as a part of capacitation [30, 44] .
It is also possible that other SNAREs not recognized by the antibodies to syntaxin 2 and VAMP2 have different localization patterns. If so, the other SNARE isoforms may co-localize at the end of capacitation. To address this possibility requires a more exhaustive investigation of the other syntaxins and VAMPs found in sperm.
The observation that syntaxin 2 and VAMP2 do not co-localize during capacitation and that syntaxin 2 but not VAMP2 can shift in the membrane means their location is separately regulated. Final acrosomal exocytosis occurs in response to a stimulus that is Ca 2+ dependent [2, 45] . Ca 2+ is the main trigger for the fusion of sperm's plasma membrane with the outer acrosomal membrane [45] . Although there is much evidence that Ca 2+ affects synaptotagmin, there is little evidence Ca 2+ affects syntaxin 2 or VAMP2 function directly [46] [47] [48] . SR-SIM observation of SNAREs provided the high resolution necessary to make these observations. SR-SIM increases lateral resolution two-fold (resolution is 100-120 nm) and volumetric resolution eight-fold compared to optimal resolution by confocal microscopy. It improves resolution by assessing the interference of sample fluorescence variation in a modulated linear wave illumination pattern, captured using a wide field camera. Algorithms are used that can reconstruct the image, considering information above and below the focal plane, improving both lateral and axial resolution. This technique has only recently been applied to sperm [49] .
The result that syntaxin 2 moved laterally on the plasma membrane in the absence of HCO 3 − means that syntaxin 2 location can change even if sperm have not completed capacitation, a process that requires HCO 3 − . Rather, the location of syntaxin 2 is linked to the presence of albumin and possibly to cholesterol depletion. Furthermore, syntaxin 2 and VAMP2 do not co-localize in sperm during capacitation but instead delay their co-localization and trans-SNARE complex formation until acrosomal exocytosis. How and why plasma membrane and acrosomal membrane SNAREs are regulated independently is an intriguing and important question, the answers to which will provide a better understanding of how this unusual membrane fusion in sperm is regulated. 
